Late embryogenesis abundant (LEA) proteins are widely distributed among plant species, where they contribute to abiotic stress tolerance. LEA proteins can be classified into seven groups according to conserved sequence motifs. The PM1 protein from soybean, which belongs to the Pfam LEA_1 group, has been shown previously to be at least partially natively unfolded, to bind metal ions and potentially to stabilize proteins and membranes. Here, we investigated the role of the PM1 C-terminal domain and in particular the multiple histidine residues in this half of the protein. We constructed recombinant plasmids expressing full-length PM1 and two truncated forms, PM1-N and PM1-C, which represent the N-and C-terminal halves of the protein, respectively. Immunoblotting and cross-linking experiments showed that full-length PM1 forms oligomers and high molecular weight (HMW) complexes in vitro and in vivo, while PM1-C, but not PM1-N, also formed oligomers and HMW complexes in vitro. When the histidine residues in PM1 and PM1-C were chemically modified, oligomerization was abolished, suggesting that histidines play a key role in this process. Furthermore, we demonstrated that high Cu 2+ concentrations promote oligomerization and induce PM1 and PM1-C to form HMW complexes. Therefore, we speculate that PM1 proteins not only maintain ion homeostasis in the cytoplasm, but also potentially stabilize and protect other proteins during abiotic stress by forming a large, oligomeric molecular shield around biological targets.
Introduction
To cope with abiotic stresses, such as low temperature, heavy metals, drought and high salt stress, plants have developed different adaptation mechanisms to maintain normal physiological metabolism. For instance, late embryogenesis abundant (LEA) proteins play an important role in plant stress tolerance Wise 2007, Battaglia and Covarrubias 2013) . LEA proteins are highly expressed during the late stages of seed development and maturation, and also accumulate in vegetative tissues in response to abiotic stress and ABA treatment (Yamasaki et al. 2013 , Wang et al. 2014 , Su et al. 2016 . They are generally small (M r 10-30 kDa) and have a high proportion of charged amino acid residues, such as aspartate, arginine or lysine (Tunnacliffe and Wise 2007) . Most LEA proteins are highly hydrophilic and thermostable (GarayArroyo et al. 2000) and can be classified into at least seven groups defined by the presence of particular Pfam domains within their sequence (Finn et al. 2006, Hundertmark and Hincha 2008) .
Research on the protective functions of LEA proteins has so far been largely restricted to those in the dehydrin, LEA_4 and LEA_5 groups, with few studies of other groups, such as the LEA_1 proteins, but these are also highly expressed and deserve investigation. For example, Gossypium hirsutum D-113 protein was found to be homogeneously distributed in mature cotton at a concentration of 286 mM (Roberts et al. 1993) . Other examples of LEA_1 proteins include several in Arabidopsis (AtLEA4-1, AtLEA4-2 and AtLEA4-5) whose expression increases significantly in 2-week-old seedlings after 12 h treatment with 25% (w/v) polyethylene glycol. Compared with the wild type, plants overexpressing AtLEA4-5 protein exhibit high relative water content during water deficit, and higher biomass accumulation and bud maintenance after recovery from severe dehydration. In contrast, AtLEA4-5 insertion mutants are sensitive both to osmotic stress as seedlings and to drought as adult plants (Olvera-Carrillo et al. 2010) .
The above results suggest that LEA_1 proteins may play an essential role in adaptation to water deficit in higher plants, but the mechanisms involved have yet to be demonstrated. In vitro experiments have shown that AtLEA4-2 and AtLEA4-5 can protect lactate dehydrogenase activity and prevent its aggregation in freeze-thaw assays (Reyes et al. 2008 , Cuevas-Velazquez et al. 2016 . One LEA_1 protein from soybean, originally designated GmPM1 (Chen et al. 1992 ) but referred to simply as PM1 herein, can prevent dehydration-induced poly-L-lysine aggregation, can interact with liposomes derived from 1-palmitoyl-2-oleoyl-3-snphosphatidylcholine and can associate with reducing sugars, such as trehalose and raffinose, which act as protectants under water stress (Shih et al. 2010 , this inhibits the production of hydroxyl radicals (Liu et al. 2011) . Thus, LEA_1 proteins can stabilize proteins and membranes, and can also bind excess bivalent metal ions, which is consistent with ion-sequestering activities in stressed plant cells.
LEA_1 proteins in plants are typically characterized by a highly conserved N-terminal region of about 70 amino acid residues. The N-terminal region is predicted to form an amphipathic a-helical structure under some circumstances (Battaglia and Covarrubias 2013) , whereas the C-terminal region is more variable in length and is predicted to be disordered (OlveraCarrillo et al. 2010 , Battaglia et al. 2013 . It was reported recently (Cuevas-Velazquez et al. 2016 ) that the conserved N-terminal region of Arabidopsis AtLEA4-5 can be induced to form significant levels of a-helix in the presence of glycerol, trifluoroethanol (TFE) or polyethylene glycol, and that this region has a protective effect on lactate dehydrogenase activity after freeze-thaw cycles and partial dehydration. In contrast, the C-terminal region of AtLEA4-5 cannot form an a-helix and does not protect lactate dehydrogenase activity under such stress. Therefore, the function of the C-terminal region of LEA_1 proteins is still not clear.
In the present study, we constructed recombinant plasmids expressing full-length PM1 and two truncated forms, PM1-N and PM1-C, designed with regard to amino acid distribution and the conserved N-terminal region. We demonstrate that PM1 can form oligomers and high molecular weight (HMW) complexes, both in vitro and in planta. Furthermore, we show that the C-terminal region and its histidine residues are critical for Cu 2+ binding and PM1 oligomerization.
Results
LEA_1 protein PM1 is predicted to be at least partially disordered in aqueous solution LEA_1 proteins in plants are characterized by the conserved PF03760 motif in the N-terminal region and have a length range of 88-173 residues (Jaspard et al. 2012) . We recovered some LEA_1 protein sequences (>160 amino acids) from databases and a multiple sequence alignment was performed. PM1 from soybean is highly conserved, as shown by alignment with orthologous proteins from other species (Fig. 1A) . The N-terminal region contains the PF03760 motif (residues 9-78) and is more highly conserved than the C-terminal region. PM1 has a high content of polar amino acids such as lysine (8.1%), glutamine (6.4%), histidine (5.8%) and threonine (15.6%). In addition, it The various colors used indicate the degree of residue identity across the aligned sequences: dark blue (100%), pink (!75%), light blue (!50%) and white (<50%). (B) Comparative analysis of amino acid composition between PM1 protein and a subset of ordered proteins amenable to crystallization studies (PDBS25) using Composition Profiler software (http://www.cprofiler.org/). Red, blue and gray bars refer to amino acid residues promoting disorder or order, or which are structurally neutral, respectively. (C) Prediction of PM1 protein structural disorder levels using different disorder predictors as indicated. According to these algorithms, protein regions with disorder probability values >0.5 are considered highly disordered.
contains a high percentage of glycine (17.3%) and alanine (13.3%) residues, and can thus be considered a hydrophilin (Battaglia et al. 2008) . Composition Profiler software confirms this bias in the PM1 amino acid composition, and shows a conspicuously higher representation of disorder-promoting amino acids (Fig. 1B) . Accordingly, structure predictors suggest that PM1 is at least partially disordered, particularly in the Cterminal half of the protein (Fig. 1C) .
Expression of recombinant forms of full-length and truncated PM1
PM1 contains a high proportion of basic amino acids, including 13 lysine and 10 histidine residues, but these are distributed unequally along the length of the protein. Thus, 12 lysine residues are found in the N-terminal half (defined by the extent of the conserved sequence; residues 1-84) and nine histidine residues in the C-terminal domain (residues 85-173). To investigate the function of the two halves of PM1, we assembled recombinant constructs ( Fig. 2A) corresponding to the N-terminal (PM1-N) and C-terminal (PM1-C) domains, as well as the full-length protein (PM1), in the expression vector pET28a. The constructs were transformed into Escherichia coli BL21 and expressed after induction by isopropyl-b-D-thiogalactopyranoside (IPTG) as fusion proteins containing an N-terminal 6ÂHis-tag. The recombinant proteins were purified using affinity chromatography, and His-tags were removed by incubation with thrombin. In PM1 and PM1-N, this resulted in an extra three N-terminal amino acid residues (NH 2 -Gly-Ser-His-) compared with the native sequence, while PM1-C contained an extra two amino acid residues (NH 2 -Gly-Ser-). Consequently, the purified PM1, PM1-N and PM1-C proteins contain 11, two and nine histidine residues, respectively. When subjected to SDS-PAGE, purified PM1, PM1-N and PM1-C migrated with an apparent molecular mass of 21.0, 13.0 and 12.0 kDa, respectively (Fig. 2B) . These values are greater than the corresponding theoretical values (17.8, 9.2 and 8.9 kDa, respectively), which is a characteristic of intrinsically disordered proteins (IDPs) and is probably due to their relatively poor binding of SDS (Tompa 2002) . SDS-PAGE sometimes showed two bands, of 12 and 18 kDa, for PM1-C, which we interpreted as monomer (M) and dimer (D) forms of the protein, respectively (Fig. 2C, lane 2) . Interestingly, when the monomer and dimer forms were separated from the same PM1-C protein solution by gel filtration [Superdex 75 10/600, 1 ml min À1 in phosphate-buffered saline (PBS) buffer] and immediately re-run on gels, they maintained their respective mobilities (Fig. 2C , lanes 3 and 4), but when they were kept at À20 C for 2-3 weeks it was observed that two much larger bands (about 30 and 66 kDa) appeared (Fig. 2C , lane 5), together with a somewhat smeared (12-15 kDa) monomer band [labeled PM1-C(M) F ]. The larger bands were not seen with the dimer form, although this band was also smeared [labeled PM1-C(D) F in Fig. 2C , lane 6]. These results indicate that, while the dimer of PM1-C is stable, the monomer has a tendency to oligomerize when stored at low temperature.
Intrinsic conformation of PM1, PM1-N and PM1-C
To determine the secondary structure of PM1, PM1-N and PM1-C in solution, the purified proteins were analyzed by far UV-circular dichroism (CD). The results obtained demonstrate that all three proteins are mostly disordered in solution and show the characteristic negative band for random coil structures at around 198 nm (Fig. 3) . We then performed CD in the presence of 40% TFE or 4% SDS, which are well known as a-helix-promoting co-solvents (Shih et al. 2010) . Under these conditions, PM1 and PM1-N formed a-helical structures, as revealed by the two negative bands at around 208 and 222 nm and one positive band at 190 nm (Fig. 3A, B) . Assessment of protein secondary structure using Dichroweb indicated that PM1 forms 69% a-helix in 40% TFE and 69% a-helix in 4% SDS, while PM1-N forms 74% a-helix in 40% TFE and 73% a-helix in 4% SDS ( Table 1) . In contrast to PM1 and PM1-N, addition of TFE and SDS had only minor effects on the structure of PM1-C (Fig. 3C) , inducing only 9% a-helix in 40% TFE and 10% a-helix in 4% SDS ( Table 1) . The spectral results suggest that PM1-C maintains its intrinsically disordered nature even in the presence of a-helix-promoting co-solvents.
Oligomerization of truncated PM1 polypeptides
To determine their molecular weight further, the full-length and truncated PM1 proteins were resolved by gel filtration chromatography ( Fig. 4A-C) . As shown in Fig. 3D , the elution volumes of molecular mass markers provided a good fit to a regression line (R 2 = 0.991). Both PM1 and PM1-N appeared as single peaks (Fig. 4A, B ) at approximately 17.86 and 9.44 kDa, respectively, which correspond well to their predicted monomer mass values. PM1-C also ran mostly as a single peak corresponding to a molecular mass of approximately 17.3 kDa, most probably the dimer (Fig. 4C ).
Detection of PM1 and variants using specific antibodies
A second LEA_1 protein in soybean, PM9, has an almost identical sequence to PM1, except for a deletion corresponding to PM1 residues 88-108. To distinguish PM1 from PM9 in plant extracts, and to allow us to identify PM1-N and PM1-C specifically in in vitro experiments, three epitopes (P1, P2 and P3) were identified within the PM1 sequence (Fig. 5A) , and a polyclonal antibody (PcAb1, PcAb2 and PcAb3, respectively) was raised separately against a peptide corresponding to each epitope. The epitopes were chosen such that PcAb1 would recognize P1, PM1, PM1-N and PM9; PcAb2 would recognize P2, PM1 and PM1-C (but not PM9); and PcAb3 would recognize P3, PM1, PM1-C and PM9. Dot-blot analysis of recombinant proteins ( Fig. 5B) confirmed the expected activity profiles of the polyclonal antibodies.
Oligomerization of PM1 in soybean radicle
To determine whether oligomerization of PM1 occurs in plants, total soluble protein from germinating soybean radicle was extracted and boiled. The resulting heat-stable and soluble proteins were separated by SDS-PAGE, followed by immunoblotting. The results showed that the PM1 monomer ($20 kDa) was clearly detected by all three antibodies (Fig. 5C ). In addition, the PM9 monomer, which migrated ahead of the PM1 monomer, was also detected by PcAb1 and PcAb3, but not by PcAb2, as expected. Above the PM1 monomer, at least three additional bands, which probably represent oligomers of PM1 or PM9, were recognized by PcAb1 (Fig. 5C, lane 1) . Three faint bands detected by PcAb2 (Fig. 5C , lane 2) are most probably oligomers of PM1, although we cannot rule out the presence of PM9 within some of these complexes. Only one faint band was recognized by PcAb3 (Fig. 5C, lane 3) , which might also be an oligomer of PM1 and/or PM9. It must be noted that the higher molecular weight bands in lane 1 of Fig. 5C are not detected in lane 2 and lane 3 by the other two antibodies using the same Fig. 3 Far UV-CD analyses of PM1 (A), PM1-N (B) and PM1-C (C) with 40% TFE or 4% SDS added as indicated. These results were reproduced at least three times in independent experiments, using three independent batches of purified proteins. soybean radicle extract. It is possible, therefore, that PcAb1 also recognizes proteins other than PM1 or PM9 that share the same epitope. Overall, these results indicate that native oligomers of PM1 and PM9 might be present in vivo in soybean.
Involvement of histidine residues in PM1 and PM1-C oligomerization Photo-induced cross-linking of unmodified proteins (PICUP) can be used to generate covalent bond formation between closely interacting peptides (Fancy and Kodadek 1999) , and we therefore asked whether oligomers of PM1 and its truncated forms could be stabilized with this technique. Without PICUP treatment, PM1, PM1-N and PM1-C mostly appear on a stained protein gel as a single monomer band, although faint smaller bands are also visible, particularly in the PM1 lane (Fig. 6A) , probably indicating a small amount of degradation in this preparation. After PICUP treatment, both PM1 and PM1-C show additional, more slowly migrating bands. The corresponding molecular weights suggest that the PICUP procedure has stabilized protein species that range in size from small oligomers to HMW complexes. In contrast, PICUP treatment did not alter the monomer appearance of PM1-N, indicating that PM1-N does not form oligomers (Fig. 6A) .
Histidine is often crucial for the interaction and oligomerization of proteins (Hernandez-Sanchez et al. 2014) . For this reason, we speculated that the high proportion of histidine residues in its C-terminal region might be involved in the oligomerization of PM1. We therefore decided to use Secondary structure content in PM1, PM1-N and PM1-C was obtained by far-UV-CD spectrometry and calculated using the Dichroweb server. GmPM1 C-terminal histidines in oligomerization and Cu 2+ binding. diethylpyrocarbonate (DEPC) to modify the histidine residues in PM1 and PM1-C and then to repeat the PICUP experiments. Progress of the histidine modification was monitored by measuring the absorbance of the added ethoxyformyl group at 240 nm (Fig. 6B) , which showed that the derivatization of both proteins was essentially complete after 1-4 h. Relatively little change occurred in PM1-N, consistent with its low histidine content. Subsequently, when the modified proteins were subjected to PICUP treatment, evidence of oligomerization was greatly reduced and almost entirely abolished in the PM1 and PM1-C samples treated for 4 h with DEPC (Fig. 6C) .
Cu 2+ promotes formation of high molecular weight complexes of PM1 and PM1-C
We have previously shown that PM1 can bind some bivalent metal ions including Cu 2+ (Liu et al. 2011) . Here, an immobilized metal ion affinity chromatography (IMAC) approach was used to determine which region of PM1 protein can chelate Cu
2+
. Columns charged with Cu 2+ were able to bind PM1 and PM1-C, and both histidine-rich proteins could be eluted with EDTA. In contrast, PM1-N, with only two histidine residues, showed weak binding to a Cu 2+ column, most of which could be eluted with EQ buffer (Fig. 7A) . After modification by DEPC, the binding of both PM1 and PM1-C to the Cu 2+ -charged matrix was much reduced (Fig. 7B) , indicating that histidine residues are crucial for the interaction with Cu 2+ . To investigate the effect of Cu 2+ binding on protein oligomerization, different concentrations of Cu 2+ were added to solutions of PM1 or PM1-C. The results showed that Cu 2+ in solution seems not to promote stable oligomerization of PM1 or PM1-C. However, it is possible that any such oligomerization is abolished by the detergent used in the SDS-PAGE process. Therefore, we repeated these experiments with PICUP treatment and ran these samples alongside untreated proteins (Fig.  7C) . We found that although, as previously, PM1 and PM1-C oligomerized in the absence of Cu 2+ , the presence of the metal ion increased the formation of oligomers and HMW complexes (>100 kDa) in a concentration-dependent manner. The proportion of monomers decreased accordingly. The oligomerization process was most noticeable for PM1-C, which was almost entirely converted into HMW complexes at 2.5 mM Cu 2+ . When these experiments were repeated with PM1 and PM1-C modified by DEPC, however, oligomerization of both proteins was abolished completely (Fig. 7D) .
The above results support the notion that histidine residues in the PM1 sequence play an important role in the formation of Fig. 7 The effect of Cu 2+ binding on oligomerization of PM1 and PM1-C. (A) Cu 2+ binding of PM1 and PM1-C using IMAC. Cu 2+ -charged columns were loaded with each recombinant protein and unbound protein was washed out with EQ buffer; bound protein was subsequently eluted with EDTA. Proteins were revealed by SDS-PAGE and Coomassie Brilliant Blue staining. (B) A similar experiment to that of (A) in which PM1 and PM1-C had been modified by DEPC to derivatize histidine residues. (C) PM1 and PM1-C, with or without PICUP treatment, were incubated with different concentrations of Cu 2+ and analyzed by SDS-PAGE. (D) A similar experiment to that of (C) in which PM1 and PM1-C had been modified by DEPC. oligomers and HMW complexes and that Cu 2+ promotes this process.
Immunoblotting of PM1 monomer, oligomers and HMW complexes
To test whether its oligomers and HMW complexes could be recognized by the polyclonal antibodies described above, we performed SDS-PAGE on purified recombinant PM1, with or without PICUP treatment, and visualized protein by staining with Coomassie Brilliant Blue and by immunoblotting (Fig. 8A) . As before, PM1 monomer, oligomers ranging from 48 to 75 kDa, and HMW complexes (>100 kDa) were detected. However, although smaller forms of the protein were recognized by all three antibodies, there was apparently no or little binding of the antisera to HMW complexes.
To check whether the HMW complexes were transferred onto the nitrocellulose membrane used for immunoblotting, we stained gels with Coomassie Brilliant Blue both before and after transfer, and also stained the nitrocellulose membrane with Ponceau S after transfer (Fig. 8B) . This showed that almost all the PM1 protein in the gel was transferred onto the membrane, with only a small amount of the HMW complex material remaining in the gel; this was located at the boundary of the stacking and separating gels, and might represent aggregated protein. Therefore, the failure of the three antibodies to detect HMW complexes must be for other reasons, for example masking of the PM1 epitopes (P1, P2 and P3) by complex formation or incomplete protein unfolding by detergent. Similar experiments were carried out with PM1-C, showing that, without PICUP treatment, the monomer (13 kDa) and a weak dimer (24 kDa) were detected by Coomassie Brilliant Blue staining (Fig. 8C) . Immunoblotting revealed faint bands of PM1-C oligomer with PcAb3, although not with PcAb2, indicating that the recombinant protein can oligomerize spontaneously in vitro and that a proportion of these oligomers are stable during SDS-PAGE without PICUP treatment. The fact that these oligomers are not detected by PcAb2 might indicate that the P2 epitope is masked by the protein conformation, while the P3 epitope remains exposed and able to react with PcAb3. Treatment with PICUP stabilized a series of PM1-C oligomers, as previously, all of which were recognized by both PcAb2 and PcAb3 antibodies.
Discussion
Multiple functions of LEA proteins have been demonstrated in vitro (Hara et al. 2005 , Tompa et al. 2006 , Boucher et al. 2010 , Rahman et al. 2010 and, in addition, some LEA proteins form oligomers. For example, bacterially expressed Thellungiella salsuginea TsDHN-2 protein (dehydrin group), Phaseolus vulgaris PvLEA6 protein (PvLEA18 group) and the C-terminal region of Glycine max Em protein (LEA_5 group) are known to form dimers in vitro (Xue et al. 2012 , Rahman et al. 2013 , RiveraNajera et al. 2014 . Both recombinant and native AavLEA1 (LEA_4 group) from the nematode Aphelenchus avenae form dimers and other oligomers (Goyal et al. 2003) . Hernandez- Sanchez et al. (2014) demonstrated that the SK3 segment from Opuntia streptacantha OpsDHN1 (dehydrin group) forms dimers through its histidine-rich motif and can form larger oligomers ($1,000 kDa) in the presence of Zn 2+ . Both dimers and large multimeric complexes were proposed to contribute to the role of OpsDHN1 as a molecular shield, which protects other protein molecules under abiotic stress conditions. Furthermore, it has been suggested that homo-oligomers with a high proportion of charged residues could be stabilized by a network of polar interactions between monomer interfaces, and are consequently resistant to dissociation by SDS (Rivera-Najera et al. 2014) .
In the present study, we demonstrated that recombinant PM1, as well as native PM1 extracted from germinating soybean radicle, could self-assemble to form oligomers. Therefore, this seems to be an in vivo, as well as an in vitro, phenomenon. PM1 protein contains many charged residues and is an IDP, as indicated by bioinformatics and CD experiments. Because the detection of PM1 oligomers was performed by SDS-PAGE, at least a proportion of such oligomers must be SDS resistant. In addition, we showed that, at least in vitro, the histidine residues in the C-terminal region of PM1 play a crucial role in PM1 oligomerization. Furthermore, we confirmed that high concentrations of Cu 2+ can bind to histidines in the PM1 sequence, as described previously (Liu et al. 2011 ), but also showed that this di-cation can induce the formation of HMW complexes of PM1. However, the oligomerization or aggregation effect of Cu 2+ seems not to be detectable without PICUP, suggesting abolition during SDS-PAGE. We might therefore speculate that higher order PM1 oligomerization is induced in plants under stress imposed by metal ions. On the other hand, it has been reported that the conserved N-terminal region of Arabidopsis AtLEA4-5 protein (LEA_1 group) has a protective effect on lactate dehydrogenase activity after freeze-thaw cycles and partial dehydration (CuevasVelazquez et al. 2016) . In contrast to the random coil of the C-terminus, the N-terminus of PM1 protein has a high tendency to form significant levels of a-helix after induction. The protective effect of the N-terminal region of soybean LEA_1 proteins on biomacromolecules is under investigation in our laboratory.
It is generally recognized that, for efficient binding, an antibody requires its corresponding epitope to be on the surface of the molecule that contains it; the corollary of this is that an antibody will not recognize an epitope that is masked or hidden by other molecular structures (Ko et al. 2001) . As shown in Fig. 5C , the PM1 monomer was detected in soybean radicle extracts by all three specific antibodies. This is expected, because LEA proteins are IDPs (Sun et al. 2013 ) and therefore the PM1 monomer is likely to have little stable structure, such that the three epitopes should be fully available to antibodies. The PM1 oligomers also gave a strong signal when immunoblotted with antibody PcAb1, which recognizes an N-terminal epitope, but only a weak signal was obtained with PcAb2 and PcAb3, which recognize epitopes in the central and C-terminal regions of the protein, respectively. This phenomenon might be explained if the P2 and P3 epitopes are embedded within PM1 oligomers, which is consistent with the C-terminal half of the protein being involved in oligomerization, as also presented herein (Figs. 6-8 ). The data of Fig. 8C , which shows that PM1-C oligomers (without PICUP treatment) are recognized differentially by antibodies PcAb2 and PcAb3, may provide further clues to the conformation of oligomeric forms. Thus, the P2 epitope seems to be obscured in oligomers, and the corresponding structure is not revealed by treatment with detergent during SDS-PAGE, while P3 remains partially exposed. On the other hand, Fig. 8A and B shows that HMW PM1 complexes do not react well with any of the three antibodies, which suggests that the HMW complexes adopt a tight conformation that masks all three epitopes (P1, P2 and P3).
LEA proteins can protect proteins, as judged by the preservation of enzyme activities, for example during freezing and dehydration stress (Goyal et al. 2005 , Grelet et al. 2005 , Reyes et al. 2005 , Dang et al. 2014 , Popova et al. 2015 . It has been proposed that LEA proteins protect other proteins by acting as molecular shields, whereby they use physical interference to reduce the frequency of cohesive interactions between aggregating species Tunnacliffe 2004, Chakrabortee et al. 2012) . Our data suggest that the molecular shield hypothesis could be developed further, involving the formation of oligomers or HMW complexes of LEA proteins, promoted, at least in the case of PM1, by interactions involving histidine residues. Metal ions such as Cu 2+ may stimulate this oligomerization process, as suggested by our data and a report showing that the addition of Cu 2+ increases the self-association of AtHIRD11 (Hara et al. 2013) . It should be noted that, although the Cu 2+ concentration is at the micromolar level in the cytosol under normal conditions (Rae et al. 1999) , there are many other metal ions, as well as multiple types of IDP protein, including other LEA proteins, present. Furthermore, the interaction of metal ions and LEA proteins would probably be promoted by the crowded molecular environment of the cytoplasm, and dehydration and osmotic stress would probably enhance such interactions further (Uversky 2009 , Rivera-Najera et al. 2014 , leading to the formation of HMW complexes. Therefore, PM1 proteins may have more than one protective effect under abiotic stress: not only might they maintain ion homeostasis by chelating excess Cu 2+ , but they also might stabilize other proteins by forming a large, multisubunit molecular shield around them.
To facilitate protein expression and simplify protein purification, a His-tag is often added to the end of a protein of interest, thereby generating a fusion protein. In many cases, this His-tag is not removed because it is considered that its low molecular weight should not affect protein structure and function (Boonyuen et al. 2015) . However, there are examples to the contrary: for instance, the presence of a His-tag at the N-termini of staphylococcal lipases can change their stereoand regioselectivity (Sayari et al. 2007 ). In the transcription factor ZNF191, there are four Cys 2 His 2 zinc finger motifs in the C-terminal region (Zhao and Huang 2015) . However, when a His-tag was added to the C-terminal end of ZNF191, its conformation changed and it exhibited a novel DNA hydrolase activity (Zhao and Huang 2016) . In this study, we showed that histidine residues in the C-terminal region of PM1 participate in Cu 2+ binding, protein interaction and its oligomerization. Collectively, this suggests that researchers should be cautious when using fusion proteins with intact His-tags to study the structure, function and other characteristics of recombinant proteins.
Materials and Methods

Recombinant protein production and sequence analysis
The vector pET-28a containing either the full-length soybean PM1 gene (pET28a-PM1) and containing the PM9 gene (pET28a-PM9) were constructed previously (Liu et al. 2011) . Primers for PM1-N, forward (5 0 -GATACATATGCAGG GAGGAAAGAAA-3 0 ) and reverse (5 0 -GATACTCGAGTTACCCAGCCGTGGTGG CGGA-3 0 ), and for PM1-C, forward (5 0 -GATACATATGGGACATGGCCACCAC-3 0 ) and reverse (5 0 -GATACTCGAGTTAAGTACCCCCAGTCCCATA-3 0 ), were used to amplify the respective truncated PM1 sequences from pET28a-PM1. NdeI and XhoI restriction sites were included in forward and reverse primers, respectively, so that the PM1-N and PM1-C sequences could be isolated as NdeIXhoI fragments and cloned into the pET28a T7 expression vector (Novagen). Recombinant protein expression was induced in E. coli, and proteins extracted and purified as described previously (Liu et al. 2011) . Purified proteins were analyzed by SDS-PAGE: 2 ml of sample loading buffer (250 mM Tris-HCl pH 6.8, 10% SDS, 0.5% bromophenol blue, 50% glycerol, 5% b-mercaptoethanol) was added to 6 mg of purified PM1, PM1-N and PM1-C in a final volume of 12 ml, and samples were loaded into the wells of 15% SDS-polyacrylamide gels after 3 min in a boiling bath. Multiple sequence alignment was performed using DNAMAN software (Lynnon Biosoft). Comparative analysis of the amino acid composition between PM1 protein and ordered proteins was performed using Composition Profiler software (http://www.cprofiler.org/). The intrinsic disorder propensities of PM1 protein were evaluated using IUPred (http://iupred.enzim. hu), PrDOS (http://prdos.hgc.jp) and PONDR VL-XT (www.pondr.com).
Far UV-circular dichroism spectroscopy PM1, PM1-N and PM1-C proteins were diluted to 10 mM in 10 mM Na 2 HPO 4 -KH 2 PO 4 (pH 7.4) and far UV-CD spectra were recorded using a Jasco J-815 CD spectropolarimeter (JASCO Analytical Instruments). The acquisition parameters were 0.5 nm resolution, 1.0 nm bandwidth, 0.5 s response and 260-190 nm wavelength range. Three spectra were averaged and smoothed to reduce noise. Secondary structure estimation was calculated using Dichroweb software (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) Wallace 2004, Whitmore and Wallace 2008) . The CDSSTR algorithm was used with 4, 7 and SP175 data sets.
Gel filtration chromatography
A 1 ml aliquot of protein extract (1 mg ml -1 ) was applied to a Superdex 75 10/ 600 GL gel filtration column. Samples were eluted at a flow rate of 1 ml min À1 using PBS buffer (NaCl 137 mmol l À1 , KCl 2.7 mmol l À1 , Na 2 HPO 4 10 mmol l À1 , KH 2 PO 4 2 mmol l À1 , pH 7.4). The elution was monitored with a 280 nm filter and the collected fractions were analyzed by SDS-PAGE. Calibration was carried out using molecular mass markers: bovine serum albumin (66 kDa), ovalbumin (45 kDa), trypsinogen (24 kDa) and Cyt c (12.4 kDa).
In vitro protein-protein cross-linking (PICUP)
In vitro cross-linking of proteins with ruthenium (II) tris-bipyridyl dication [Ru(II)bpy 2 + 3 ; Sigma-Aldrich] was performed as described (Rivera-Najera et al. 2014 ). Briefly, a 10 ml reaction mixture contained 150 mM NaCl, 15 mM Na 2 HPO 4 (pH 6.5), 1.25 mM Ru(II)bpy 2 + 3 , 0.1 mM ammonium persulfate and 10 mg of protein. The mixture was flashed for 60 s using room light. Samples were subsequently quenched with 5Â loading buffer. Cross-linking efficiency was monitored by either SDS-PAGE or immunoblotting.
Diethylpyrocarbonate treatment
Reaction mixtures (200 ml) contained 0.8 mg ml À1 recombinant PM1 protein or 1.2 mg ml À1 PM1-C protein, or 1.2 mg ml À1 PM1-N protein as a reference, 20 ml of DEPC (200 mM in ethanol) in 100 mM sodium phosphate buffer at pH 6.0. The progress of histidine modification was determined by the absorbance of the derivative ethoxyformyl group at 240 nm. The molar extinction coefficient of the ethoxyformyl group at a DEPC concentration of 20 mM is 6.2Â10 3 cm À1 M
À1
.
Metal-chelating affinity chromatography
Interactions between metal ions and proteins were verified by means of IMAC using 5 ml HiTrap Chelating HP cartridges (Amersham Pharmacia Biotech) as described previously (Liu et al. 2011) . The columns were charged by applying 15 ml of 100 mM CuCl 2 . After washing out excess metal with deionized water, the column was equilibrated with 50 mM Tris-HCl buffer at pH 7.4 containing 1 M NaCl (EQ buffer). Proteins (50 mM, 1 ml) were subsequently loaded onto the column. The unbound recombinant protein was washed out with EQ buffer, while the bound protein was eluted with 250 mM EDTA. Subsequently, 5 ml of each protein was fractionated and 10 ml was subjected to SDS-PAGE analysis.
Soybean radicle protein extraction and determination
Total soluble protein was extracted from 0.1 g of soybean radicle cut from germinated seeds. Tissue samples were homogenized in the presence of liquid nitrogen and extracted with 1 ml of extraction buffer [100 mM HEPES pH 7.0, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.01% b-mercaptoethanol] at 4 C. The homogenate was centrifuged to remove insoluble precipitates and then the supernatant was boiled for 10 min in a water bath and centrifuged again to remove aggregated material. The soluble supernatant was concentrated by acetone precipitation and dissolved in buffer (100 mM HEPES, pH 7.0). Total protein concentration was measured by the Bradford method (Bradford 1976 ).
Immunoblotting and dot blotting
Three rabbit polyclonal antibodies (PcAb1, PcAb2 and PcAb3) were raised against synthetic peptides (P1, P2 and P3, respectively) as peptide antigens corresponding to portions of the PM1 sequence (Fig. 5) by Genscript Technology Co., Ltd. The heat-soluble protein extract (1 mg) from soybean radicle, or recombinant proteins, with or without PICUP treatment were separated on a 15% polyacrylamide gel using standard SDS-PAGE conditions and transferred to nitrocellulose membranes. The SDS-polyacrylamide gel was stained with Coomassie Brilliant Blue and the nitrocellulose membrane with Ponceau S [10 min in 0.1% (w/v) Ponceau S in 5% acetic acid/water] as appropriate. For dot blotting, proteins (1 mg) were spotted directly onto wetted nitrocellulose membrane and allowed to dry. The membranes were washed with TBST (150 mM NaCl, 20 mM Tris-HCl and 0.1% Tween-20), then blocked with 5% skimmed milk (in TBST) and probed with anti-PM1 (1 : 1,000) antibodies. Next, the membranes were washed again and incubated with secondary antibodies (anti-rabbit IgG antibody conjugated to horseradish peroxidase, TransGen Biotech) at a dilution of 1 : 1,000 for 1 h at room temperature, and finally washed three times with TBST. The proteins were performed using chemiluminescence for detection (Wang et al. 2002) .
